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~N THE RELATIONSHIP BETWEEN THE L IQUID
A N D  GASEOUS STATE IN METALS

Ya . Zei’dovich and L. Landau

Jeneral considerations about the nature of the transition

or t h e  su bstance from the state of a metal into the state of a
dielectric lead to the conclusion that such a transition is

conrleted as the usual rhase transition up to a very tempera—

t u r . In the  case or mercur :~ and ot h e r  l o w— b o i l i n c  m e t a l s , t h e

cr it cal ~oin t of the transition from t h e  U i u i d  to the gaseous

state i t s , ooo~~a L l y ,  at a lower t e m: eratur :. It follows t o
ex c- - ct  t h e  e x i s t e a c e  In  t h o  i e : N r . ci ~~~~~~~~ of two  oe n a r a t e
( at a i ~ f er e r t : r e s su re  a n i  t rnreratur w ) r co i s  i tons  f rom a

n et  a l li c  to a t ioemet  a lU  c 3 ’ at e  o n d  f:’w’ a 1 i~~uid to a gas—
onus  state , .e., the  ex istence of t he  l uid nonmetailic phase ,

w ith an in c r e a s e  in the rressure of  th~ rans~ ent into the

metal and with a lower inc of t h e  r r ~~ssur ’ e , Into the ~as.

Th e m e t a l  s ha rr  i~i dl  : f r s  f r o m  t h e  iie1ect~~~~ resrect to

Its electron en~~r~~ snec rum w i t h  absolute zero . The continuous

spectrum of states ad ,ioins t h e  ~aslc state of the metal; owing
t o th is , as wea;< an ele ct r i c a l  cu r r en t  as desired causes in the
metal an e l e c t r i c a l  c u r r e n t  do rendent on the transition of the

system to levels as close 1: energy to the main level as de-

sired . Onnos ite to t h i s , t u e  elect ron energy spectrum of the

dielectric differs b:~ the e x i s t e n c e  of the finite “slit ” , a

definit e difference the energies between the main state with

1
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the minimal energy (in w h i c h  the current is absent) and the ex-

cited states nearest to it , in which one of the electrons of

the dielectric becomes free and electrical conductivity appears .

Let us no te  t h a t  i t  is im ~~essI b l e  to d e f i n e  th E  me ta l  as
a body w i t h  a c o n t in u u m  of l eve ls  ad~~oin in g  the  ba s i c  level

without additional conditions : in actuality , any naramagnetic
substance , for examnie , liquid oxycen or gadolinium sulfate ,
possesses a continuous spectrum of levels corresponding to the

different values of the magnetic moment ; owinp~ to this there

occurs a chance in the moment in the weak magnetic field char-

acteristic for the paramagnetic substance. however , the oxygen

or cadolinium sulfate are not a metal and do not conduct current .

The nresence of a continuous spectrum is the condition necessary

b u t insuff icient in order that the substance would be a metal ;

for conductivit :; it is necessary that levels aJ~ oininc with the ’

the main excitati en possess t h e  !rorertY of transfer of the

electrical charge.

The suono sition that with a su fficientl y rowerful comprssion

any subottuc e will turn into a me tal was rereatedly expressed

and iS nrobable (although it was never n r o v c n  in general form).

An illustration is the conversion of phosphorus into a conducting

nodificat~ on at high pressure — the black phosphorus of Bridge—

man .

At absolute zero the metal and dielectric are qualitatively

different; it is always possible t o  determine with what pre—

cisely we are dealing with; a definite point of the transition

exists. 1

1At a temperature different from zero , principally in any dielec—

tric there occurs a certain excitation , some kind of, although

2
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The dielectric is distinguished from the metal by an en-

ergy slit in the electron spectrum . But can the width of this

slit tend toward zero with an approach (from the side of the

dielectric) to the rc ln t  of transition to the metal? In this

case we w o u l d  have the transition without the latent heat , with-

out a •iumn ~n the volume and other properties. Peyerl ’s pointed

out that the continuous , in this sense , transition is impossi-

ble. Let us examine the excited state of the dielectric in

wh ich i t  c o n d u c t s  c u r r e n t .  The e l e c t r o n  abandons  i t s  place ,
moves in the crystalline latt ice , having revealed in another

place of the lattice a rositive charge . At a great distance

of the electron fro m t h e  r o s i t i v e  charge , it c l ea r ly  undergoes

Coulomb attraction , which strives to return the electron. In

the Coulomb field of attraction there are alway s discrete levels

with a negative ener Cy co r respond ing  to the b i n d in c  of the  elec-
tron; consequentl y, always the excited and conductinc state of

the dielec tric are serrirated by a slit of finite width from the

bas ic  s t a t e  in  w h t ~~h t h e  e l e c t r o n s  are connected.

If at f l ° K  t h e  conversion of the  me tal in to  a d i e l e c t r i c  is
a rhase transition of the first kind (i.e. , with the latent. heat

of the transiton and jump of the properties), then it is ob-

vious that the conversion will occur as a transition of the

first kind at a low temperature different from O°K . The con-

tinuous transition is possible only at a high temperature when

t h e  excitation and conductivity of the dielectric will become

considerable. The energy of exc itation of the order of the

neglig ible , portion of the electrons is in an excited state ,

so that there is an electrical conductivity different from zero ,

and the system as a whole is in a state of the continuous spec-

trum . Therefore , it is poss ib l e  to d i s t i ngu ish a b s o l u t e l y
strictly from the metal at absolute zero temperature .

3
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energy of i o n i z a t i o n , i . e . ,  of the order of several volts , in

the worst case , 1 volt. Thus the lines of the thermodynamic

equ i l i b r ium of the  metallic and dielectric phase can be com-

ple ted  by the  critical point only at a very high temperature  —

of the order of one volt , i.e., of the order of l0~ degrees and ,

resnectively , at enormous pressure . Here at the high tempera-

ture b o t h  phases  are n o n c r y s t a l l i n e  ( t h e  me l t ing  of the metal
absolutely does not deprive it of metallic properties). The

uestion arrears about the relationship between the line of

the transition from the metallic state into the dielectric state

and the line of the transition liquid—gas in the case of metals/

It is absolutely clear that at low pressure the substance at low

d e n s i ty  (in the limit — ideal gas) is a nonconductor and non-

metal , in the caset 
~~~~~ energy spectrum of the gas is dis-

crete , :nl in ‘he case of raramagnetic vapors of sodium we have

a c m  t~~nu’mi , which , ho;:ever (as in the example of oxygen), has

no flrect r e la~ ion to the metallicity and conductivity.

Three cases are fundamentally possible. 2 The transition

f r o m  t h e  metall~~ into the dielectric state is alway s accompa—

n~~~i by t h e  t ran sition f rom the  l i q u i d  s t a t e  i n t o  the  gaseous;

there i s  one c nzrron curve and one critical point reacheable at

a ~‘c r :I hich ~err:er’~ture . This case , perhaps , takes place for the

nonvola ’ tle metal. ;. For metals with a low heat of evaporat~ ou

(for exanrle , morcury), it follows to expect the critical point

of the 1i~~uid— cas (m int HE) at a temperature much lower than

t h e  c r i t i c l ’~ point of the metal—d ielectric transition (point 1~ ).

2We do not examine the crystalline phases which exist at low

tnmmera 4 ures. The appropriate transitions do not have rela-

tionships to our subject.
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Here tu e  second  arid t h i r d  cases appear  (F i g .  1 and 2 ) .

In the second case the heat iiic of the liquid metal at high

oressure causes a jumr in the density on the line T-.HT ; however ,
the whase of the lower’ density is also the metal (“metallic gas”).

The transition to the standard gas occurs on the line T—N~ . This

ease is very incrobable. In the third case we expect in the

defined interval of t i’cssures with an increase in temperature

conversions of ~h licuid metal into the liquid nonconducting

phase (on the lin T—M ~”,
) and only a f t e r  th is , on the line T—~Hr,

conversions of the nonconductin c phase into gas . Losses of the

meta llic ity occurs by means of the n hase transition of metal—
cas at a t emnerature and pressure much hicher than that which

corresronds to the critical point liquid—gas .

In both last cases the appearance of the trinle point T of

co—existence is characteristic: in the second case — two me-

tallic and one diele ctr ic rhase , and in t he  third — the metal

and two dielectr ic (ui..~uid and gas ) rhases.

In t he  case of mercury the comparatively low heat of evap—

coat ion indicates the fact that the point HE IS located closely ,

at 100 _l5000 K accordino to various estimates , i”hereas the

m int ‘1 ,~ , rrobably, U not at all accessible at present to ex—

nerimental investigation . From our considerations it follows

that in this case , arrarently , the last case is exactly accom—

rlish~’d. The rhysical predictions are reduced thus : 1) to the

exi stence of’ a nonconducting liquid phase and 2) to the fact

that a~ a ~emr~ r~ tu~e and pressure higher than the critical

there should take place a phase transition with an intermit—

tent chance in the electroconductivity of the volume and other

rr or ert les.
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Cic . 1. KEY : 1) Pressure ; 2) Fig. 2. KEY : 1) Pressure ; 2)

T e m p e r a t u r e .  T e m p e r a t u r e .

Mosco w , I n s t i t u t e  of P h y s i c a l  S u b m i t t e d  15 June 19L 1 3
Pi ’ cb] .~~rr.~ c:’ the Academy of

Sciences of the UCSR ,
I n s t i t u t e  of C h e m i c a l  P h y s i c s

of t he  A c a d e my  of S c i e n c e s  of

the  U~~C9
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